The calcium-binding epidermal growth factor-like (cbEGF) domain is a common structural motif in extracellular and transmembrane proteins. K d values for Ca 2؉ vary from the millimolar to nanomolar range; however the molecular basis for this variation is poorly understood. We have measured K d values for six fibrillin-1 cbEGF domains, each preceded by a transforming growth factor ␤-binding protein-like (TB) domain. Using NMR and titration with chromophoric chelators, we found that K d values varied by five orders of magnitude. Interdomain hydrophobic contacts between TB-cbEGF domains were studied by site-directed mutagenesis and could be correlated directly with Ca 2؉ affinity. Furthermore, in TB-cbEGF pairs that displayed high-affinity binding, NMR studies showed that TB-cbEGF interface formation was strongly Ca 2؉ -dependent. We suggest that Ca 2؉ affinity is a measure of interface formation in both homologous and heterologous cbEGF domain pairs, thus providing a measure of flexibility in proteins with multiple cbEGF domains. These data highlight the versatile role of the cbEGF domain in fine tuning the regional flexibility of proteins and provide new constraints for the organization of fibrillin-1 within 10؊12-nm microfibrils of the extracellular matrix.
The Ca 2ϩ -binding epidermal growth factor-like (cbEGF) 1 domain (see Fig. 1a ) is an abundant structural motif found in many extracellular and transmembrane proteins. Many of these proteins, and particularly those found in the extracellular matrix, are required to withstand biomechanical forces and are involved in extensive protein-protein interactions. One of these proteins, fibrillin-1, is a 350-kDa Ca 2ϩ -binding glycoprotein that constitutes the major structural component of the 10 -12-nm microfibrils of the extracellular matrix (1) . It has a highly modular domain organization dominated by 43 cbEGF domains and seven transforming growth factor ␤-binding protein-like (TB) domains (see Fig. 1b ). Other domains include four non-Ca 2ϩ -binding epidermal growth factor domains, two hybrid domains, unique N and C termini, and a proline-rich sequence (2) . Mutations in the fibrillin-1 gene result in Marfan syndrome and related disorders (3, 4) . Ultrastructurally, when viewed by rotary shadowing, microfibrils appear as beaded filaments with an interbead distance of 56 nm (5) . Although the exact arrangement of fibrillin molecules in the microfibrils is unknown, current models based on structural and antibody localization data suggest that fibrillin forms either staggered parallel arrays of extended molecules (6) or that fibrillin monomers are folded so that each monomer spans one interbead distance (7) . Fibrillin-1 cbEGF domains occur in multiple tandem repeats, usually separated by a TB domain. The solution structures of cbEGF domain pairs (8, 9) and hydrodynamic studies of fulllength and recombinant fibrillin-1 fragments (10) have shown that the binding of Ca 2ϩ to these regions stabilizes the rod-like arrangement of these fragments. 15 N backbone relaxation data for a fibrillin-1 cbEGF pair show that binding of Ca 2ϩ rigidifies this rod-like arrangement (11) . Ca 2ϩ also plays a role in protecting fibrillin-1 from digestion by proteases (12) , and a large proportion of the mutations in fibrillin-1 associated with Marfan syndrome affect the folding or Ca 2ϩ -binding properties of the cbEGF domains (13) , potentially affecting the integrity and assembly of the microfibrils.
Dissociation constants for Ca 2ϩ binding to isolated fibrillin-1 cbEGF domains and cbEGF-cbEGF domain pairs have previously been determined using NMR by following the chemical shift changes of a highly conserved aromatic residue that forms part of the Ca 2ϩ -binding consensus sequence (14) . Other techniques used to measure dissociation constants of fibrillin-1 cbEGF domains have included fluorimetry (15) and equilibrium dialysis (16, 17) . Isolated cbEGF domains tend to bind Ca 2ϩ weakly, with dissociation constants in the millimolar range (14, 18) . cbEGFs at the C terminus of a cbEGF-cbEGF pair are found to have much higher Ca 2ϩ affinities than isolated cbEGF domains, most likely because of stabilization of the Ca 2ϩ -binding site by the presence of the preceding domain (11, 15) . Observed values range from 350 M (in the case of cbEGF33 in the cbEGF32-33 domain pair) (19) to 0.3 M (in the case of cbEGF31 in the cbEGF29 -31 triple domain fragment) (20) . Variation in Ca 2ϩ affinity has also been suggested in TB-cbEGF domain pairs. Kettle et al. (21) show that the TB6-cbEGF32 pair bound Ca 2ϩ with low affinity (K d ϭ 1.6 mM). In contrast, Reinhardt et al. (16) show that the cbEGFs in the triple domain fragment cbEGF22-TB4-cbEGF23 bound Ca 2ϩ with an average dissociation constant of 400 M. However, as in the equilibrium dialysis work of Glanville et al. (17) , no domain-specific measurements of affinity have been derived. The recent x-ray crystal structure of the cbEGF22-TB4-cbEGF23 fragment of fibrillin-1 shows an extensive interface between the TB4 and cbEGF23 domains and suggests that the cbEGF23 domain may have a very high Ca 2ϩ affinity in this context (22) . Variations in Ca 2ϩ affinity across the fibrillin molecule are likely to be biologically significant. At physiological concentrations of free Ca 2ϩ (ϳ1.0 -1.2 mM in the extracellular matrix), moderate-to high-affinity domains (K d values Ͻ100 M) would be close to saturation and could indicate regions that need to be rigid for appropriate function. In contrast, low-affinity sites, such as the TB6-cbEGF32 junction, would only be partially saturated in vivo and may contribute to the extensibility and elasticity of the microfibrils (21, 23) . In the folded model of fibrillin organization in the microfibrils (7), bends are postulated to form at the junction of domains TB3 and cbEGF11 and at the junction of domains TB7 and cbEGF37. At present, however, no high-resolution data on these regions are available to confirm the presence of such bends.
To examine the variations in Ca 2ϩ affinity across different regions of fibrillin-1, recombinant peptides corresponding to all six TB-cbEGF domain pairs were studied. Ca 2ϩ dissociation constants were determined using chromophoric chelators and NMR spectroscopy. Most of the domain pairs were found to bind Ca 2ϩ more tightly than previously observed for fibrillin-1 cbEGF domains, with K d values as low as 16 Ϯ 1 nM in the case of the TB4-cbEGF23 pair. Only the TB6-cbEGF32 junction, which had a low Ca 2ϩ affinity, was likely to be flexible in vivo. "Domain-swapped" constructs, recombining domains from weak-and high-affinity TB-cbEGF pairs, were used to show that interdomain interactions at the TB-cbEGF interface have a significant effect on the observed Ca 2ϩ affinity of these domain pairs. Site-directed mutants were used to map precisely regions involved in interdomain interactions. Two-dimensional NMR studies of high Ca 2ϩ -affinity fragments in the presence and absence of Ca 2ϩ showed that Ca 2ϩ stabilizes the interdomain interface. The significance of the variation in these K d values and of TB-cbEGF interdomain interactions for recent models of microfibril organization, and the role of cbEGF domains in general, is discussed here.
EXPERIMENTAL PROCEDURES
Production of Recombinant Fibrillin-1 TB-cbEGF Constructs-All TB-cbEGF domain pairs were expressed as His 6 -tagged fusions in Escherichia coli. The protein was refolded in vitro and the His 6 tag removed by enzymatic cleavage as described previously (19) . The construction of peptides TB4-cbEGF23 and TB6-cbEGF32, corresponding to residues 1527-1647 and 2054 -2165, respectively, has been described previously (21, 22) . Constructs TB2-cbEGF7 (residues 653-764), TB3-cbEGF11 (residues 952-1069), TB5-cbEGF25 (residues 1688 -1807), and TB7-cbEGF37 (residues 2332-2443) were amplified from fibrillin-1 cDNA using Pfu polymerase and expressed from the vector pQE-30 as described previously (19) . No TB1-containing construct was made, as the fibrillin-1 TB1 domain does not appear in a TB-cbEGF context (see Fig. 1b) .
The domain-swapped construct TB4-cbEGF32 was produced by amplifying regions corresponding to domains TB4 (residues 1527-1605) and cbEGF32 (residues 2127-2165) separately from fibrillin-1 cDNA. Overlapping sequences introduced by primers for the 3Ј end of the TB4 sequence and the 5Ј end of the cbEGF32 sequence facilitated the ligation of gel-purified TB4 and cbEGF32 DNA fragments in a separate PCR, using primers for the TB4 forward and cbEGF32 reverse amplifications. Residues of all constructs were numbered according to the published sequence of fibrillin-1 (2) . The molecular masses of all purified fragments were confirmed by electrospray mass spectrometry. NMR spectra of all TB-cbEGF pairs also showed features consistent with a correctly folded protein, including upfield-shifted methyl resonances from residues positioned near aromatic residues in the TB (24) . To minimize background levels of Ca 2ϩ in protein solutions, all proteins were treated with 5 mM EDTA prior to purification by high pressure liquid chromatography. Ca 2ϩ -free solutions of proteins in Ca 2ϩ -free buffer (5 mM Tris, pH 7.5, 150 mM NaCl) were titrated with Ca 2ϩ stock buffer (5 mM Tris, pH 7.5, 150 mM NaCl, 1 mM CaCl 2 ) in the presence of the chromophoric chelators 5,5Ј-Br 2 BAPTA or Quin-2. All titrations were performed with 20 -30 M chelator and 20 -30 M protein at 23 Ϯ 2°C using a Shimadzu UV mini 1240 spectrophotometer to monitor absorbance at 263 nm; at this wavelength the absorbance of the chelators is Ca 2ϩ -dependent. Background Ca 2ϩ levels in the proteincontaining samples were determined by extrapolating the initial linear region of each titration curve back to the y-axis. The initial Ca 2ϩ concentration of each curve was adjusted so that the y-intercept was equivalent to that of a "chelator-only" control. K d values for 5,5Ј-Br 2 BAPTA and Quin-2 were determined independently from chelatoronly control experiments; K d values of 1.6 M for 5,5Ј-Br 2 BAPTA and 0.35 M for Quin-2 were obtained. Free Ca 2ϩ concentration at each titration point was calculated by the Newton-Raphson method, and dissociation constants were calculated by least squares fitting to the data, as described previously using in-house software (24, 25 , and 5b). NMR-All spectra were acquired at 35°C on home-built NMR spectrometers, belonging to the Oxford Centre for Molecular Sciences, operating at 500, 600, or 750 MHz. Samples were dissolved in 99.99% 2 H 2 O containing 5 mM Tris-DCl and 150 mM NaCl at pH 6.5. For one-dimensional NMR spectra, 512 scans of 4096 complex points were collected with a spectral width of 6666.67 Hz. Data were zero-filled to 8192 points giving a digital resolution of 0.81 Hz/point. Two-dimensional NOE spectra (26) were collected with a mixing time of 150 ms. 1024 ϫ 256 complex points were collected in F2 and F1, respectively, with a spectral width of 6666.67 Hz and 96 scans per t 1 increment. Data were zero-filled to 2048 complex points in F1 and F2 to give a digital resolution of 3.25 Hz/point. Spectra were referenced with respect to the HOD resonance at 4.65 ppm. Data were processed using Felix 2.3 (Accelrys). Standard regression analysis was used to fit curves to the Ca 2ϩ titration data using the equation
] free ) as described previously (14) .
Prediction of Chemical Shifts and NOEs-Chemical shift values for the aromatic residues of the TB4 and cbEGF23 domains were predicted using the program "total" obtained from Prof. M. P. Williamson (www. shef.ac.uk/NMR) (27) . This program calculates the ring current shift contributions to 1 H chemical shifts arising from the close contact (Ͻϳ10 Å) of the aromatic rings of Tyr, Phe, Trp, and His residues. Chemical shifts for the TB4 and cbEGF23 domains in the absence of Ca 2ϩ , where no interdomain interactions are predicted, were calculated using the x-ray coordinates for the isolated TB4 and cbEGF23 domains extracted from the cbEGF22-TB4-cbEGF23 Protein Data Bank file (22) . Chemical shifts for TB4 and cbEGF23 domains in the presence of Ca 2ϩ , where extensive interdomain interactions are predicted, were calculated using a combined coordinate set containing both the TB4 and cbEGF23 domains and, therefore, included interdomain ring current shift effects. Chemical shifts for Phe-2146, the Phe introduced into the cbEGF32 domain, are assumed to be the same as those of Phe-1626, the homologous residue in cbEGF23.
NOEs expected between the TB4 and cbEGF23 domains as a result of the interdomain interface were predicted using the x-ray coordinates for cbEGF22-TB4-cbEGF23 (22) . Short distances (Ͻ7 Å) were calculated from the Protein Data Bank file using in-house software.
RESULTS

Fibrillin-1 TB-cbEGF Domain Pairs Exhibit a Wide Range of Ca
2ϩ Affinities-Ca 2ϩ affinities of the TB-cbEGF domain pairs (Fig. 1b) were measured with the chromophoric Ca 2ϩ chelators Quin-2 or 5,5Ј-Br 2 BAPTA under physiological conditions of pH (7.5) and ionic strength (I ϭ 0.15). The use of these chelators allows the measurement of Ca 2ϩ dissociation constants ranging from 10 nM to 100 M under these conditions (25) . When no Ca 2ϩ binding was detected in chelation assays, NMR analysis was used to estimate K d values.
Four of the six TB-cbEGF pairs were found to have relatively low Ca 2ϩ dissociation constants in chelation competition assays (Table I; Fig. 2 ), indicating high-affinity binding. K d values ranged from 16 Ϯ 1 nM (in the case of TB4-cbEGF23) to 6.4 Ϯ 0.8 M (in the case of TB2-cbEGF7). TB6-cbEGF32 showed no competition with the chelators (not shown), consistent with the weak Ca 2ϩ affinity (K d ϭ 1.6 mM) of this fragment measured previously by NMR (21) . TB3-cbEGF11 showed weak competition with Br 2 BAPTA (Fig. 3a) ; however, its slow exchange behavior in Ca 2ϩ titrations followed by one-dimensional NMR (Fig. 3b) suggested the presence of a relatively high-affinity site. On the basis of the chelator and NMR data, the Ca 2ϩ dissociation constant of TB3-cbEGF11 was estimated to be Ͻ100 M.
A comparison of the K d values with the corresponding TB domain linker sequences (Table I) showed that there was no correlation between linker length and the observed Ca 2ϩ affinities of the TB-cbEGF domain pairs. This was most evident in a comparison of the dissociation constants for TB4-cbEGF23 and TB6-cbEGF32, where the TB4 linker is one residue longer, yet the K d value for this fragment is ϳ10 5 -fold lower than that for TB6-cbEGF32.
TB-cbEGF Interfacial Residues Affect Ca 2ϩ Affinity-The role of interactions between the TB and cbEGF domains in the binding of Ca 2ϩ was examined by engineering the domainswapped construct TB4-cbEGF32, in which the high Ca 2ϩ -affinity cbEGF23 domain in TB4-cbEGF23 was replaced with the low Ca 2ϩ -affinity cbEGF32 domain. The linker region at the end of the TB domain was preserved (Fig. 4a) . No measurable binding of Ca 2ϩ in chelation competition assays was observed (not shown). Ca 2ϩ binding to the TB4-cbEGF32 construct was therefore monitored by NMR spectroscopy. The chemical shift of the Tyr-2149 H␦* resonance, corresponding to a conserved aromatic residue in domain cbEGF32 previously used to measure Ca 2ϩ binding (14, 21) , was measured against increasing [Ca 2ϩ ] free (Fig. 5a ). Fitting of these data gave a K d value of 2.1 mM, which is comparable with the value of 1.6 mM previously measured for the TB6-cbEGF32 pair (21) . The substitution of TB6 with TB4 at the N terminus of cbEGF32 therefore has little effect on the ability of cbEGF32 to bind Ca 2ϩ .
To investigate further the effect of TB-cbEGF interdomain interactions on Ca 2ϩ affinity, a series of site-directed mutants was created in the domain-swapped TB4-cbEGF32 with the aim of re-engineering it with a high Ca 2ϩ affinity similar to that of TB4-cbEGF23. Introduced amino acid changes were based on information from the recent crystal structure of the cbEGF22-TB4-cbEGF23 triple domain fragment, which indicated significant interdomain hydrophobic interactions involving the conserved "XG" interdomain packing site and the "loop 1" region of the cbEGF domain (22) (Fig. 1a and Fig. 4) . The crystal structure showed that packing of the XG site of cbEGF23 with the TB4 domain would bring Phe-1626 of cbEGF23 into contact with Phe-1595 of the TB4 domain (Fig.  4b) . In the domain-swapped construct TB4-cbEGF32, the residue in the position corresponding to Phe-1626 of cbEGF23 is the acidic Asp-2146 of cbEGF32 (Fig. 4a) , which would interact less favorably with Phe-1595 of TB4. Therefore, Asp-2146 was replaced with a Phe residue in TB4-cbEGF32DF. The crystal Ca 2ϩ -dependent Interface Formation in Fibrillin-1structure also showed that the loop 1 region of cbEGF23 packs against a hydrophobic region of domain TB4 (Fig. 4b) . In TB4-cbEGF32, the loop 1 region of cbEGF32 is shorter and less hydrophobic than the corresponding cbEGF23 sequence (Fig.  4a) . Therefore, the loop 1 region of cbEGF32 was substituted by the equivalent region from cbEGF23 in TB4-cbEGF32loop1 (Fig. 4a) . Finally, a TB4-cbEGF32 double mutant containing both changes was made. The chemical shift position of the Tyr-2149 H␦* resonance in TB4-cbEGF32DF was measured as a function of increasing [Ca 2ϩ ] free (14, 21) . Curve fitting to these data (Fig. 5a ) gave a K d value of 630 Ϯ 40 M, indicating an ϳ3-fold enhancement in Ca 2ϩ affinity as a result of the Asp3 Phe substitution at position 2146. Replacement of the loop 1 region of cbEGF32 in TB4-cbEGF32 with the corresponding loop 1 sequence of cbEGF23 in the TB4-cbEGF32loop1 mutant (Fig. 4a) resulted in an even greater (70-fold) increase in Ca 2ϩ affinity (Fig. 5a ). This suggested the involvement of the loop 1 region of the cbEGF domain in the stabilization of interdomain interactions and the determination of the Ca 2ϩ affinity of the domain pair. The TB4-cbEGF32double mutant displayed slow exchange behavior in Ca 2ϩ titrations monitored by NMR (not shown), indicating a further increase in Ca 2ϩ affinity compared with the TB4-cbEGF32loop1 construct. However, this made the accurate determination of a Ca 2ϩ dissociation constant of this construct by NMR difficult. Chelation competition assays of TB4-cbEGF32double using 5,5Ј-Br 2 BAPTA (Fig. 5b) gave a K d value of 3.8 Ϯ 1.5 M for this construct. The combination of the loop 1 and DF changes therefore contributed significantly to the Ca 2ϩ affinity of the TB4-cbEGF32double construct, most likely through the formation of an almost complete hydrophobic interface between the TB and cbEGF domains, as predicted by the crystal structure of Lee et al. (22) , resulting in a ϳ500-fold enhancement of Ca 2ϩ affinity.
Ca 2ϩ Binding to High-affinity TB-cbEGF Pairs Results in Conformational Changes-In the absence of Ca
2ϩ , the only significant difference between the aromatic regions of the twodimensional NOE spectra of all the TB4-cbEGF32 constructs was the appearance of an extra resonance corresponding to the Phe engineered into the TB4-cbEGF32DF and TB4-cbEGF32double mutants. All spectra are observed to be a simple superposition of the individual spectra of TB4 and cbEGF32 (not shown), with very little chemical shift perturbation. This is consistent with little interaction between the TB4 and the cbEGF domains in the absence of Ca 2ϩ . In the cases of TB4-cbEGF32 and TB4-cbEGF32DF, the resonances corresponding to the TB4 domain are not significantly perturbed upon the addition of Ca 2ϩ ( Fig. 6a and b) , suggesting that stable interfaces do not form between the TB and cbEGF domains of these constructs, even in the presence of saturating concentrations of Ca 2ϩ . Small shifts of the resonances corresponding to residues in the TB domain of TB4-cbEGF32DF, however, may indicate weak interdomain interactions in this fragment, consistent with the ϳ3-fold increase in Ca 2ϩ affinity of this fragment relative to the unmutated form.
Some cross-peaks corresponding to residues in the TB domain of TB4-cbEGF32loop1 are more significantly perturbed upon the addition of Ca 2ϩ (Fig. 6c) . 
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The two-dimensional NOE spectra of the TB4-cbEGF32-double mutant show the most significant perturbation of all the constructs upon Ca 2ϩ addition, consistent with the higher Ca 2ϩ affinity of this construct and the formation of a stable interdomain interface (Fig. 6d) . It can be seen that the positions of cross-peaks corresponding to Phe-1595 from the TB4 domain linker and the Phe introduced into cbEGF32 (Phe-2146) are very significantly perturbed upon Ca 2ϩ addition. The new resonance positions were assigned using chemical exchange cross-peaks, which were observed in two-dimensional NOE spectra of a partially Ca 2ϩ -saturated TB4-cbEGF32double sample (not shown). Chemical shifts for the aromatic residues of the TB4 and cbEGF32 domains were predicted using the x-ray coordinates of cbEGF22-TB4-cbEGF23 (22) At high concentration (ϳ2 mM) of the TB4-cbEGF32double construct, inter-residue NOEs can be observed between Phe-1595 in the TB4 domain linker and the engineered Phe-2146 residue of the cbEGF32 domain in the presence of Ca 2ϩ (Fig.  7a) . Similarly, the presence of Ca 2ϩ resulted in the appearance of inter-residue NOEs between Phe-1595 in TB4 and Phe-1626 in cbEGF23 in spectra of the high-affinity "native" construct TB4-cbEGF23 (Fig. 7b) . These NOEs are predicted from the x-ray structure of cbEGF22-TB4-cbEGF23 (22) and indicate interface formation on the addition of Ca 2ϩ . These NOEs were not observed in the absence of Ca 2ϩ .
DISCUSSION
The binding of Ca 2ϩ to fibrillin-1 cbEGF domains plays a critical role in maintaining the organization of microfibrils (22, 28, 29) and protecting them from digestion by proteases (12, 30) . Structural studies have shown that isolated fibrillin-1 cbEGF domain pairs are rigidified by the binding of Ca 2ϩ and by interdomain hydrophobic interactions (11) . The recent crystal structure of the cbEGF22-TB4-cbEGF23 region of fibrillin-1 (22) has shown that there are large hydrophobic interfaces between the TB4 and cbEGF23 domains in this fragment. The effects of this extensive interface on the Ca 2ϩ affinity of TBcbEGF domain pairs and the structure of fibrillin-1, however, have so far been unclear.
The K d values for the binding of Ca 2ϩ to TB-cbEGF pairs were found to vary across the fibrillin-1 molecule. In contrast to the earlier data on the TB6-cbEGF32 domain pair (21), it was found that these regions generally bind Ca 2ϩ very tightly, with dissociation constants as low as 16 nM. Furthermore, a comparison of the K d values obtained for each of the TB-cbEGF pairs and the linker lengths of the corresponding TB domains shows no correlation between linker length and Ca 2ϩ affinity (Table I) . Previous work based on the TB6-cbEGF32 pair (21, 23) , which shows little pairwise interaction between the domains, suggests that TB-cbEGF linkers can function as sites of flexibility or extensibility. This model is based on the structure of the isolated TB6 domain (31) , in which the C terminus is found to be flexible and does not take into account the possible structural effects of a cbEGF domain on the C terminus of the TB domain. The recent crystal structure of the cbEGF22-TB4-cbEGF23 fragment (22) shows that TB-cbEGF linkers can have a defined structure and play a role in TB-cbEGF interdomain interactions. We propose that the Ca 2ϩ affinity of these domain pairs is a more accurate measure of interdomain flexibility than linker length.
The domain-swapped TB4-cbEGF32 construct was used to determine whether the high Ca 2ϩ affinity observed in the TB4-cbEGF23 fragment was a function of the TB4 domain sequence or a result of specific interdomain interactions. TB4-cbEGF32 had a low Ca 2ϩ affinity, indicating that the TB4 sequence alone was not responsible for high Ca 2ϩ affinity. The introduction of the single D3 F substitution, the loop 1 swap, or both of these FIG. 5 . Ca 2؉ titrations of the TB4-cbEGF32 constructs. Ca 2ϩ dissociation constants for the TB4-cbEGF32 constructs were measured either by one-dimensional NMR or by chelation competition assays. a, in titrations of TB4-cbEGF32 (diamonds) and TB4-cbEGF32DF (squares), the chemical shift change (⌬␦) of the resonance corresponding to Tyr-2149 in cbEGF32 was monitored over increasing Ca 2ϩ concentrations. Binding of Ca 2ϩ to TB4-cbEGF32loop1 (triangles) was measured by monitoring the chemical shift change of a resonance corresponding to Trp-1570 in the TB4 domain. Ca 2ϩ dissociation constants were derived as described previously (14) . b, chelation competition assay of TB4-cbEGF32double. 24.8 M 5,5Ј-Br 2 BAPTA was titrated with Ca 2ϩ in the presence of 25.0 M TB4-cbEGF32double. Curves show the results from titrations of chelator alone (OE) and chelator with protein (■).
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changes to cbEGF32 led to ϳ3, ϳ70, and ϳ500-fold increases in affinity, respectively. Although none of these mutant constructs displayed as high a Ca 2ϩ affinity as TB4-cbEGF23, these results confirmed the involvement of interdomain interactions in the affinity of TB-cbEGF domain pairs for Ca 2ϩ . Other regions of cbEGF23 that are not involved in the TBcbEGF interface may still influence Ca 2ϩ affinity indirectly through intradomain side-chain interactions that affect the structure of the cbEGF domain. High-resolution NMR analysis of the TB4-cbEGF32 variants and of the native TB4-cbEGF23 pair has provided direct evidence of the Ca 2ϩ -dependent interaction of specific residues across the TB-cbEGF interface. In the absence of Ca 2ϩ , the positions of the TB4 cross-peaks in the domain pairs corre- . This is inconsistent with the results of x-ray crystallography obtained by Lee et al. (22) , who observed no difference in the structures of cbEGF22-TB4-cbEGF23 in the presence or absence of Ca 2ϩ . The opposing observations are most likely because of differences in the capacities of x-ray crystallographic and NMR methodologies to study dynamic systems. In solution, Ca 2ϩ binding is essential for the formation of the interdomain interface that leads to rigidity.
From these data, we suggest that an experimentally determined Ca 2ϩ dissociation constant of a TB-cbEGF pair is a more reliable measure of interdomain flexibility or domain interface formation than linker length alone. This has important implications for models of fibrillin arrangement in microfibrils. Currently, two types of model have been proposed in which fibrillin monomers are either folded (so that each molecule spans one interbead distance) or extended (with each monomer spanning more than one interbead distance) (Fig. 8a ). These models must reconcile the fact that the untensioned fibrillin monomer has an observed length of ϳ150 -180 nm, whereas the observed bead periodicity in microfibrils is only ϳ56 nm (32, 33) . The model proposed by Baldock et al. (7) is supported by the currently available data from antibody binding and electron microscopy studies on fibrillin-1 within the microfibril. In this model, the fibrillin monomer has to incorporate significant bends so that it is compressed ϳ66% from 150 to 56 nm. In the present study, TB7-cbEGF37 bound Ca 2ϩ very tightly (K d ϳ 45 nM), suggesting full saturation of this Ca 2ϩ -binding site under physiological conditions. As in the case of the high-affinity TB4-cbEGF23 pair, one would predict that the linker region would be involved in a significant degree of interdomain packing (Fig. 8b, models 1 and 2) . This is likely to reduce its flexibility and would preclude the 180°bend seen in the folded model of fibrillin organization (7) . The proposed bend between TB3 and cbEGF11 also seems improbable because the TB3-cbEGF11 construct displays a relatively high Ca 2ϩ affinity (Ͻϳ100 M). Fewer interdomain interactions (Fig. 8b, models 3 and 4) would be expected to reduce the Ca 2ϩ affinity of a TB-cbEGF pair. The TB6-cEGF32 junction is likely to be the most flexible of these domain pairs, because it has a relatively high Ca 2ϩ dissociation constant (21) (K d ϭ 1.6 mM) and has been shown to have few interdomain interactions (23) . A simpler staggered model proposed by Lee et al. (22) , which also accounts for the majority of the experimental data, does not require this folding. This model suggests a head-to-tail arrangement with an overlap of ϳ12 nm between successive molecules with a 1 ⁄3 staggered alignment, which would give the observed bead periodicity of ϳ56 nm.
The results presented here also help to explain the mechanism of a number of Marfan syndrome missense mutations. Changes in TB domain residues could indirectly affect the binding of Ca 2ϩ by adjacent cbEGF domains through the formation of altered interdomain interfaces. A number of these mutations in domains TB3 and TB4 are currently under investigation, including G1013R (13, 34) , T1020A (35) , and K1023N (36) in the TB3 linker and E1605K (37) in the TB4 linker. The I1048T substitution in cbEGF11, which has previously been shown to introduce an additional glycosylation site (38) , may also function by disrupting the packing of TB3 to cbEGF11, because Ile-1048 is part of the conserved XG interdomain packing site (Fig. 1 ) of cbEGF11. More generally, these data suggest a role for interdomain interfaces in determining protein function. cbEGF domains occur in a wide range of extracellular proteins, including the fibulins, nidogens, coagulation factors IX and X, and Notch. Fine tuning of regional flexibility through variations in the interdomain hydrophobic contacts involving cbEGF domains (and therefore variations in Ca 2ϩ affinity) could significantly influence the biomechanical properties of a protein and its intermolecular interactions. FIG. 8 . TB-cbEGF interdomain interactions and microfibril organization. a, two basic models of microfibril organization have been proposed. In the folded model (7), bends are postulated to form at the TB3-cbEGF11 and TB7-cbEGF37 junctions, with each fibrillin monomer spanning one interbead distance. In extended models (6), these regions are more linear, and the fibrillin monomers extend over 2-3 beads of the beaded filament. Up to eight fibrillin monomers make up one bead-to-bead period in each case (6, 7) . b, effects of TB-cbEGF interdomain interactions on Ca 2ϩ binding site (1) . Model of TB4-cbEGF23 based on data from Lee et al. (22) showing interdomain hydrophobic interactions involving the XG and loop 1 sites of the cbEGF domain. In this structure, the Ca 2ϩ binding site is surrounded by interdomain hydrophobic contacts (2) . Folding at the TB-cbEGF junction (3 and 4) would allow interaction at only one of these sites and would partially expose the Ca 2ϩ binding site, leading to a lower Ca 2ϩ affinity. Fibrillin-1 
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